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ABSTRACT 


A system is proposed for tracking coyotes in the 
wild by radio telemetry. Instead of the conventional 
simple transmitter on the animal and several observer's 
receivers, a transponder and its base station are to be 
used. The location of the animal is given by its distance 
and direction from the one observer's station. 

A description of the distance measuring part of 
the system, which was built and tested in the laboratory, 
is given. This part of the system is found to measure 
the length of a cable accurately. The transponder uses a 
time-shared phase locked technique, measuring distance by 
measuring the phase shift between a 10 KHz = signal 
generated at the observer's station and this’ signal 
received and returned by the transponder. 

The required radio frequency components are to 
be added in later work, including receivers, transmitters 


and a direction finding antenna. 
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CHAPTER 1 


INTRODUCTION 


iene metering the Position of an Animal 


The Department of Wildlife Ecology, University of 
Wisconsin, operates a wildlife research station at 
Rochester, Alberta. A study of cyclical variations in the 
population of snowshoe hares is being conducted there. In 
order to assess the influence of coyotes and lynx on the 
hare population, it is desired to use radio telemetry of the 
movements of these predators. The Department of Electrical 
Engineering, University of Alberta has undertaken’ the 
development of a suitable system, and this thesis is a 
report of the results to date. A working telemetry system 
has been built in the laboratory, under which conditions it 
will measure the length of a cable. To this system must be 
added the radio frequency components. 

lt has become standard practice to put a collar 
bearing a transmitter on the animal's neck. The position of 
this transmitter is then determined by triangulating on it 
with two or more receivers, using the null in the receiving 
pattern of a loop antenna to locate the animal's angular 


position from each one, This information is used by an 
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observer who plots it on a map. 

This system has the advantage of simplicity of the 
instrument on the animal. However, the transmitter must 
operate at all hours of the day, whether or not anyone is 
using the information, which means’ that most transmitter 
energy is wasted. Triangulation is a very inconvenient 
procedure, although a computer program has been written to 
make a plot of large amounts of data. (Ref.1) The accuracy 
of the loop is limited to frome 1/2 degree (Ref.2) and with 
only 2 receivers the accuracy is bad either between the 
receivers or at a large distance from both receivers. To 
correct this a system with 36 antennas has been used. 

As an alternative, it was suggested that the 
instrument on the animal be a transponder. A’ transponder 
has a receiver which awaits a signal from an observer's 
station. It then responds by activating its transmitter 
and returning a short burst of transmission bearing’ the 
information requested by the observer's’ station. In this 
case this is the travel time of the signal, which gives’ the 
distance between the two stations. An angular measurement 
can then be made, as with the simple transmitter, and the 
animal's position is then known. 

Since the transponder doesn't transmit unless it is 
interrogated and the receiver can be made_ to operate on 


very little standby power, this system can be made to have 


get 6 no. 31 atota onw 
sit to ytioliqmie to exetitevie: end esd meteye aint 7 
t2um YeI2imansys eft ,19VvevioK .TsmIne ed? fo somnaeat 
2} snoyrs sai 40 vehtadw web st to ewod [fs %s6 ne 
v99 3 imensy3 deom tens ‘ensem no inw \olsemriotal ons aniey 
insinevnooni yyev 6 ei molistugmsiiT  .betesw 2! yvytene- 
of rissa iaw asad 26d me1g0719 “Ves vamo9 68 ftguodsis ,stubeso1 
yos1ue25 sdT (£398) .sisb Yo etnuoms egies! to tol@ 6 siem 
dd iw bas (Ss. +99) opTgeb S\I tuods ot betimit ei qoot ond to” 
ond nsswied ved le bed 2i yos1u99s eds aysvisoss & vie 
oT <litabekinas rod _— eonesetb saief 6 t6 10 eroviaoay 
) .«beeu naed Sail sainlorae df diiw mesjeve 6 eins acaticaee 
ons tert - beteeggue esw. 31 sevizsniesis ne 2A a 
Yebhogansy3 «A rvebnogensy3 6 ad fsming ef? no ine tahe, 
e"yevisedo ns mo1t fiengie s 2d isws doidw asvisesy Mains 
yess imenest 231 gnitsvisos vd ebnoges nad a nolsese 
edt anissad Molz2imens1t to saxud giode 5 anin 
eins nt | «MOt9622 2’ t9visedo. ena xa betzsupsy = a - 
ony 2evl'g tts fdw Feng ie 93: to emt Fevers ena al faites. = 
- Insmewwesem Yeiuans rA venoitete ows erl3" neswied sonssetb 
oda bos 7933 Imens13 Pia: ods Aa tw 2 <Sbem aiallalid 3 
snort riers 2i eta oem 1 
| a rT 2esinu Aipensst F'ne0b sebaeqensss a3 eonte 
ne 9451800 a absm. ed ns revisoey .! _ = 


wis Fe 


ved of sbem od (Miso metexe als: , ee 


Se ta 
much longer battery life and/or less weight than the usual 
continuously operating transmitter. Only one observer's 
station will be needed and the information will be obtained 
directly in polar coordinates, amore readily usable form. 


It has the disadvantage of increased collar complexity. 


1.2 Transponders 


1.2.1 Pulse Transponder 


The pulse type transponder has a_ receiver which is 
usually on, awaiting a signal. When a signal is’ received, 
this activates the transponder's transmitter. A short burst 
of energy (a reply pulse) is radiated and the receiver is 
activated again and begins listening for another pulse. The 
received pulses normally come from the observer's station 
and occur in trains. The observer's station has, as well as 
the transmitter that sends the interrogating pulses to the 
transponder, a receiver which listens for the transponder's 
reply. Additional circuitry in this station measures’ the 
time interval between’ the sent and received pulses at the 
observer's station. When the response times of the various 
parts of the system are subtracted the remaining time 


measured gives the distance, as in radar. 
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1.2.2 Phase Shift Transponder 


This type of transponder measures distance by 


observing the time lag or phase shift between’ two signals 


at the base station, as shown in Fig. 1.1. 


B 


A: Base Station Signal 
B: Transponder Response 
C: Phase Shift due to Travel Time 


Fig 1.1 Measurement of Distance by Phase Shift 


The observer's station transmits a carrier modulated by a 
periodic signal, shown aS a sine wave here, to. the 
transponder's receiver. The transponder's transmitter 
returns a reply, a signal of the same frequency as-7~ the 
observer's station interrogation signal. The phase relation 
between these signals is known. At the observer's station 
this reply is picked up by a receiver. Additional circuitry 


measures the phase difference between jit and the original 
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signal and subtracts the system phase shifts. The resulting 


phase shift is displayed to the observer as distance. 


1.3 Frequency Selection 


The problem of transmission of signals in the bush 
environment in which this system will operate will require 
further study. The efficiencies of small loops will be low 
and will increase as the fourth power of frequency according 
to Chute (Ref. 3) although Cochrane and Lord (Ref.4) use a 
3.5 power law when the antenna is on the neck of an animal. 
Preliminary measurements by Green (Ref. 5) and data given by 
Terman (Ref. 6) indicate severe attenuation increasing 
sharply with frequency. A sketch of the expected received 
power is shown;in Fig. 1.2% 

The frequency of the minimum in power losses’ is 
not known until bush losses have been measured, but it is 
expected to be between 3 and 300 Myz. As is indicated by 
Fig. 1.2, this frequency will tend to be higher for smaller 
loops or smaller distances. At Cedar Creek (Ref. 2) 150 MHz 


was used, giving a maximum range of 3 miles ona fox. 
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1.4 


lt ts destred to be able to Interrogate an animal, 
under fleld conditions, at 4 to 5 miles and plot Its 
location to withtnh 1/8 mile. Sinhee this system will be used 
at Rochester, Alberta, !t should retatn this accuracy over a 


temperature range of -50 to +50 degrees cent!igrade (Ref.7). 
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CHAPTER 2 
CHOICE OF SYSTEM TYPE 


2.1 Introduction 


It is desirable that the efficiency of the antenna 
be as high as possible to gain range, and to prevent 
degradation of the signals the noise included should be as 
low as possible. To exclude noise the bandwidth of the 
system, or the range of frequencies included, must be 
minimized. The frequency will be chosen as in Sec. 1.3. 

To deal with these variables it is convenient’ to 
introduce the concept of Q of the antenna. Q is given by 
the operating frequency divided by the antenna bandwidth (Cif 
the antenna is properly tuned). High Q gives good noise 
rejection and efficiency, but is found to limit distance 
nS Lor in the case of the pulse type transponder, while 
ideally thisrels= (not *the case for the phase shift 


transponder. 
2.2 Antennas 


Chute (Ref. 3) has discussed several types. of 
antennas to select a torque antenna and has’ concluded that 
factors arising from the manner in which it is proposed to 
use the antenna will dictate the final choice of antenna 


type. In this problem, the lowest loss loading coil for a 
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whip antenna mounted on the animal will be a large one, ie. 
a loop around the neck of the animal. The whip cannot be 
too long or it will interfere with the animal. It should 
have a good ground plane below it or it will not work 
properly. A loop antenna around his neck will likely have a 
loss of the same order of magnitude as the coil for the 
whip and it will be degraded only 3 db if the ground plane 
is absent. It will be less bothersome to the animal. In 
its shielded balanced form the resonant frequency can be 
expected to stay more stable. Thus it was decided to design 
the system on the assumption that a loop antenna would be 
used. Another type that should be considered is the 


ferrite rod antenna. 


2145 Loop Efficiency 


The radiation resistance is given by Chute (Ref. 

>) ta’si: 
r= 3.075 X 10 (ah)? 

where a is the loop diameter and jis the wavelength. The 
size of the loop is determined by the animal's neck and will 
be about 10 cm in the case of a coyote. The wavelength is 
about 10 m at 30 MHz, and r = zoe ROME Ohms. The ideal Q, Q, 
is defined as that Q which would be measured if the only 


losses in the antenna were the radiation losses. Tehvitsa | rits 


wl/r or 550,000 L where L is the inductance of the antenna in 
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microhenrys, typically between 0.1 and 1 microhenry for the 
antennas built in the lab, The efficiency is given by 
eff = r/(r+R) 

Q is defined by wLl/(r+R), where R is the resistance of the 
loop plus the serles equivalent resistance of all other 
losses, and L fs the Inductance of the loop, (See Fig. 
ale) Therefore 

eff = Q/Q; 
This shows that degrading Q degrades power output as 


Indicated In the Introduction and reduces useful range, 


2,4 Response Time of the Antenna 


lf a signal Is suddenly applied to a sharply tuned 
antenna, potential energy must be stored in its Inductance 
and capacitance, This means that the amplitude of the 
signal, or the envelope of Its peaks, grows exponentially 
rather than Instantaneously (Fig. 2.1), In the pulse type 
transponder the recelver must have a threshold below which 
signals, nolse In particular, will not Interrogate’ the 
transponder and waste hattery Ilfe. lf the recelved pulse 
Is strong, the envelope Is large and the recelver is 
triggered soon after the pulse arrives, If the signal Is 
weak the eclreult does not respond until! the antenna signal 
has risen well up on the envelope, and a_e time uncertalnty 


occurs, 


=. 
- @ - 


ads 10% winetiorotn i bn: £.0 noawied viteoiaus ev inedovotim 7" 
= 7 

4 navta. et-jonataltie ait: Sdetiednat i iu eeanoane “Te 
(Atw\a = Fe ie 

oid. Yo sonedz teas ait 27.4 avr, «CFD Nw xd beniteb ata aire 
19090 ifs to aonsteless jnalsviups e@9iyee sfd2 aulq goot 
«ai3 ps2) goal, of? to sonstoubal oft ef J bas ,eo22o!" 
foo : ; avotaielT «= CES 

| | jO\D = Be se 
#6 tuqjugo Jowoq esbsissbh 9 gatbssgeb ters ewode elaT 
LORNBY Twitaew zaaubay.bnse nolsoubdasnl add al bossotbat 


sgesnA_ed3 Joe smiT senogasf #.S> 
' ay, 
benu? viqiede s of balflaqs yv[nebhbue ef Isnglia a %4 
eonsdoubal ai janet bens sd Jeum yavens {alanesoq .coneane- 
o12 Fo sbusi fame ort: ters ensam elAT 99n83 losqeo bas By 
Vilslinenogxs. aworg  edseq at} Yo aqofevne ant 10 Sonate 
Sav) sefua add mt » (Lis ala) vf auosastnssani nedg rertssy 
do Ica wotod bradaara 6 aval deuim 4avlesey ang rebnoqenaya 
? any pagaorrssnT aon tliw 18 iuo 1d 6q “Al gaton. salsomte 7 
eatun bevienan. ony 41 evil wretsad siasw bas vohnogengya | 
e! Yavieases afd his eave t el. egal avag ‘edd 3 
at faqaie odd 3) jaavinws gata, edd: vate oe ma 
fonale sonains . any bitnu bnoqaay: ton eagb Jtupyt 
vinigaveonu ani ‘6 bas. aaolavne aris no au It ‘at 


-1Q0- 


Fig. 2.1 Antenna Response 


Assume that the threshold of the receiver Is 63% 
of the final value of the envelope. This Is a weak signal, 
within 4&4 db of not interrogating the transponder. Its time 
delay Is conveniently equal to the time constant of the 
envelope, which will now be derived. To analyse the antenna 


we model It as In the clreult of Fle. 2.2, 


F'lgee ere 


The current In the loop, which willl be proportional to the 
antenna output, Is given by: 
1(S)/E(S) = pRo/(p2+ p/Q + 1) 
where E(s) ® Eos/ (s24we)y, a cosine burst, 
Wo = YI/TC Q * WoLl/R 
p = w/o ay dle Amy At 


The time domain response Is given by 
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and the time constant for large Q is: 


a 
I 


2Q/W5 
0.318 SARS 


This implies that Q must be sma]1 for short rise time, fn 


opposition to the efficiency requirement. 


2.5 Choice of Transponder Type 


In order to resolve 1/8 mile we require 660 nsec. 
rise time, assuming all the error to be due to. the 
transponder antenna. This implies that Q = 56 for a 27 MHz 
carrier, and the efficiency is 0.1% for a 0.1 microhenry 
loop, which was found to be typical, and the rise time 
should echerreduced’| by a.» factor of 2, to allow, for the 
observer's station antenna and stray phase shifts. Going to 
300 MHZ would permit antenna Q's of 560, which is a more 
reasonable restriction, but bush losses were expected to 
nullify this gain. The bandwidth for 330 nsec. rise time is 
over 6 MHz. For a phase shift transponder, allowing for an 
infinite time for the sinusoidal signals to be established, 
the phase information can be carried by a_ single audio 
frequency and the noise bandwidth is zero. For a practical 
system, assuming that 6 KHz is actually used, as was later 
found to be reasonable, 30 db of signal to noise ratio will 


be gained, giving about 35 db of overall improvement in the 
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sensitivity of the system. Thus it was decided to design a 


phase shift transponder system. 


2.6 Frequency of Transponder Signal 


The phase shift of a periodic wave is meaningful 
to the observer's station only to one cycle, beyond which it 
becomes ambiguous whether the animal is in the distance 
covered by that cycle or some subsequent cycle. This means 
that the system should cover the full range in the first 
cycle. This requirement conflicts with the accuracy 


requirement since percentage error OF phase shift 


measurement, at audio frequencies, doesn't depend on 
frequency, while distance covered is inversely proportional 
to frequency. Thus extending the unambiguous range by 


lowering the frequency reduces the accuracy in feet. Since 
radio waves travel approximately 1 foot per nsec. a 10 KHz 
frequency gives an unambiguous range of about 9 1/2 miles. 
lt can be heard for direction: measurements. For large 
animals it will be possible to add a second tone to extend 
the range. For example, a 1 KHz tone will reach 100 miles 
and the 10 KHz tone, phase locked to it, can still resolve 
the!’ same’ distance, acting, so to speak, to magnify any of 


the ten 10-mile intervals. 
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2.7 Separation of Signals 


In a collar the receiver antenna will be in’ the 
near field of the transmitter antenna if indeed they are not 
the same antenna. Modulation on the transmitter that gets 
into the receiver will be detected. If this modulation in 
turn is impressed on the transmitter, the system can 
oscillate. Two methods of separating the two signals were 
considered. It was first attempted to transmit and receive 
on two different frequencies with filters doing the 
separation. Experiments showed that this would be very 
difficult on a collar with power lTevels about 120 db 
different. It was decided to use time separation of the two 


signals (ie. time-sharing of the information channel). 


2.8 The Phase Locked Method 


In this technique the receiver and transmitter in 
either station do not operate simultaneously. The receiver 
in the transponder first stores received phase information 
in an audio oscillator by phase-locking (synchronizing) it 
to the incoming signal. After locking is completed the 
oscillator then returns this information via the transmitter 
while the base station receives. A circuit in the base 
station measures the phase difference between the returned 


wave and the original wave and displays it on a meter after 
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corrections for phase shifts in the system. 

The final choice is a system using a time-shared 
phase-locked transponder. It operates. on el AMO Sales 
frequency, measuring distance by the phase shift technique. 
A test system was built and is described in the balance of 


this thesis. 
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CHAPTER 3 


THE LABORATORY SYSTEM 


3.1 General 


To demonstrate the transponder system decided 
upon, a transponder and a base station were built in two 
separate laboratory racks. Rather than sending the signals 
from one to the other by radio transmission, which would 
require better receivers than were available, the two units 
were made to communicate with each other via a cable. The 
signals used were the audio tone bursts (as shown in Figs, 
3.3 and 3.4), transmitted by the cable without being 
modulated onto a radio frequency carrier. To test the 
operation of the system the length of the cable was 
measured, 

Block diagrams of the two units are shown in Fig. 
3.1 and Fle. 3.2. Typical waveforms are shown in Figs. 3.3 
and 3.4. In this system the base station transmitted a 32 
cycle burst of 10 KHz sine wave and the transponder returned 
16 cycles of the locked signal. The measuring circuits of 
the base station rejected the first cycle of this burst and 
used the next 7 cycles for phase meaSurement. For clarity 
only one quarter of each tone burst’ is shown in Figs. 3.3 


and 3.4. For details of the OAl, OA3, and OA4 see Sec, 4.1. 
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Typical Waveforms at Numbered Points 
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Fig. 3.3 Base Station Waveforms 
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Fig. 3.4 Transponder Waveforms 
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3.2 The Observer's Station Operation 


Referring to Fig. 3.1, the 10 KHz frequency is 
established by counting down a crystal controlled 100 KHz 
oscillator. The waveform of the oscillator is rich in 
harmonics and can’ be formed into °a train of °2 °1/2 
microsecond wide pulses’ simply by applying it to a digital 
gate. A counter selects every tenth pulse and uses it to 
periodically reset an integrator whose input is a de signal, 
and the result is a 10 KHz linear’ ramp. The same pulse 
locks a 10 KHz voltage controlled sine wave oscillator so 
that its zero crossings correspond to the fall of the pulse. 
This fall coincides with the start-up of the ramp, and is 
the time reference throughout the system, so that the width 
of the pulse only affects the unusable portion of the ramp, 
which is 2 1/2% of each cycle. 

The train of 10 KHz pulses is counted down by a 
factor of 64 to establish the interrogation cycle (as 
distinct from a cycle of the 10 KHz signal). During one 
half of this period the observer's station transmits the 10 
KHz sine wave via the operational amplifiers to the cable. 
The output of the gate driving the transistor in the 
feedback path of the OA3 operational amplifier (Sec. 4.1) is 
negative, turning the transistor off and permitting the 


amplifier to pass the signal from the oscillator. This sine 
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wave is transmitted by the OA% operational amplifier down 
the cable to the transponder, which uses it to lock another 
oscillator. 

During the second half of the interrogation cycle 
the receiver of the base station receives the transponder 
reply, if there is one. The transmitting OA3 is shorted by a 
Saturated transistor during this half cycle and_ has no 
Output. The OAL has no drive and has very low. output 
impedance, so the only signal on the cable is’ from the 
transponder. The digital circuit waits one cycle of the 10 
KHz audio tone to let transients die away and then turns on 
the slow gate, which permits pulses from the receiver to 
trigger the sample=hold circuit. 

The receiver consists of the second OA3 and a fast 
differential amplifier. The OA3 with its feedback diodes is 
a logarithmic amplifier which acts as an active zero 
crossing detector, with very high gain in the region of the 
input zero crossing. This OA3 drives a differential 
amplifier which makes a square wave of the signal, with a 
very fast fall corresponding to the zero crossing of the 
transponder response. This fall is differentiated by the 
input circuits to the sample=hold and causes it to sample 
the voltage on the ramp at this instant and hold it until 
the next sampling pulse. 


Since the ramp begins at the observer's station 


ete dn sie 


nwab +etti Lams Yenoiasyeao ¥AO. xsalipneees. rr 


vertons Jool of Ji e2seu iste vebndqznesy. add oy. otds> 
| | ; nie 
sfoxo nolisgo edn t Sat to" Ved bnoase sy niyo 
vabnogenss3 ‘eft 29vleDe7 nolsaae s26d od Yo revisor edt 
6 vd battode zi. EAO gnistsimene ys ont eno 24 ‘srant ti wlaey : 
on 26d bas~ sToxvo tied 2idd aolvub voselensit betesusee 
Suqiuo wolf an eed bons svinb on asd #A0 gAT -Juqguo 
atioent 21 sltdso ont no fsngte vino sft oe ,sonsbeqml 7 
01 st Ao ofsyo ano extsw tiustis (stigib sAT Tebqegeng7d — 
na ends nets bné yews 9th etnelencst Jel oF ends oibus sha 
ot revises sii mor? esetuq etimieq doidw .sdex wofe. eng ) 
| i tivotl> bfod-slamse edd vegaind 

408} 6 bos tA0. bnoose ei to, 2tziznos: yeviess 7 sAT eo 

ai eeboib Aasdhs'e? 231 Axiw tA0- sAT 195 tifams (scale, . . 
o1ss ‘svitos. fs 26 ‘tas doidw xwsitifams simdd ivegoF 6 ; 2 
ed? Yo noigey si nl niss did visy. dtiw s10399798b- Bnizeow — 
Pei gags? ib 6) 2evixb. Ad. e1AaT -.anizzors oves juga 
6 daw visaaie ont to svew srsupe. 5 zotsm doidw veititems | 
arta to gnlezora O195 edt or! anibnoqzsyt09 lie? ses? y1av © 
ond yd besetanans? ib at ite? eit. ‘ _/senoqezey. a : 
siqmpe 03-11 2s2ue> “brs bioHstanse edt 04 2tivanis. | Ai oy 
iinet 1 bien. hrs anesert elds: 78 987 sods no dl 


7 
- 


zero crossing and is sampled at the delayed transponder zero 
crossing the output of the sample-hold is proportional to 
travel time plus the system delays, which are nulled out. 
After seven cycles the slow gate is closed, giving a ramp at 
the output of the differential amplifier, which, when 
differentiated, does not cause a spurious sample to occur. 
The resulting voltage is held during the remainder of the 


interrogation cycle and displayed on a meter. 


3.3 The Transponder Operation 


The transponder normally is idle, with only its 
receiver operating. The waveform on the cable, whether it 
originates from the base station or the transponder's own 
transmitter, is formed by the Schmitt trigger into pulses. 
These are processed by the digital circuitry, which 
activates first the receiver and then the transmitter. From 
the end of the first cycle to the end of the thirty first 
cycle phase information is stored in the - phase-locked 
oscillator. If the count stops at the end of the thirty 
second cycle, this phase information is returned to. the 
observer's station by the transmitter in a 16 cycle burst. 
The transponder then returns to its receiver mode until it 
receives another train of exactly 32 cycles. 


The receiver is an OAl logarithmic amplifier 
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followed by a fast differential amplifier The output 
square wave is differentiated, giving a 10 KHz train of very 
narrow pulses. These pulses occur at the zero crossings of 
the received signal, and act as an input to the phase-locked 
oscillator. When this oscillator has an input, it corrects 
its phase so that its zero crossings correspond to the 
pulses, and its zero crossings are then locked to those of 
the received signal. When it has no input the oscillator 
continues to oscillate in synchronism with the previous 
pulse train. The slow gate is made (by the digital 
circuits) to short circuit the pulses from the receiver 
except during the desired locking signal. 

The transmitter consists of an OA4 and an OA3, 
which receives its input from the phase-locked oscillator. 
During the transmission period the transistor in_ the 
feedback path of the OA3 is cut off. During the rest of the 
interrogation cycle it is short circuited and the 


transmitter gives no output. 
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CHAPTER 4& 


DEEATLSPOFVCIREUTTS 


4,1 General 


The circuits shown in block diagram form in Figs. 
3.1 and 3.2 were constructed on boards and mounted jn 
utility racks with interconnections made on the racks’ by 
spade leads. The racks had +12v and -12v well regulated 
power supplies. 

The rack mounted equipment used two locally 
designed types of operational amplifiers, designated OA3 and 
OAK (Ref. 8). The OA3 has an open’ loop gain of over 10,000 
at low frequencies, about 600 ohms’ output impedance and a 
unity gain bandwidth of about 15 MHz. The OA4 has roughly 
the same open loop gain and bandwidth but has) an output 
impedance of under 25 ohms and is capable of driving a 10 
ohm load to 10 v_ peak. The OAl is a very simple circuit 
stitch wired into’ the circuitry on the phase-locked 
oscillator boards, where it was chosen for compactness. The 
Uae hase an Open loop — salina Of about 1200, a unity ‘gain 
bandwidth of about 15 MHz and output impedance of 12 k. All 
three have an input impedance of 150 k. 

Each rack had a general purpose digital patch 
board=on which the digital circuitry to control the unit was 


set up. These boards are constructed with Motorola MC790 
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dual JK flip-flops, MC724 quad gates and MC799 dual buffers, 
which are mounted on a vector 812 plug-in patch board for 


easy interconnection. 


es Crystal Controlled Oscillator 


The 100 KHz reference oscillator circuit is shown 
in Fig. 4.1. The crystal operates inductively in its 
parallel mode at 99.95 KHz. The error is due in part to 
the class C operation and to the large values of G and Cy 
that were used for reliable pulse forming. The frequency 


drifted less than 210 ppm from -50 to +50 degrees C. 
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Ry ~~ 820k C, --6 80pf 
Rz--10k C,--1000pf 


yonsups 1? oa sae tiiso s2luq atdstian 107 ‘bseu 7ew tens | 


verstiud Tub eeTIM bac esdsz beuD | 
10% ised doteq ni-aufq SI. votD8v 6 F 


nwore 21 riyoris IOS BIT loeo eonsi9te% SHA. ot ont i 7 
2ai- oi vievthoubr| PP. fstevi9 ont 4f.w ity a 
os $7169, 07 sub 2i s0n%9 “‘edT -sHX @2.22: 36 sbomn, 


<9 bas a. to 29ul 6y aar6! add o% bns, svar 


= 


a 2 
1.0 2997125b 02+ oF -0d= mort maq OLS. nen? zeal pedtinb * 


’ + SV¥ 6 


LeemetneaD site WeCirculnts 


two ee Observers Sitathon Gontrol) iCircult 


ing Fig. bf2 the upper Out fil p-f Jops are 
connected as a binary coded decimal counter to produce a 10 
KHz pulse train. The ninth count permits resetting of the 
counter on the next pulse and enables an AND gate which 
passes this tenth pulse through to the ramp circuit and 
phase-locked oscillator. (The extra gates delay the pulses 
entering the AND gate to prevent resetting of the ramp by an 
extraneous spike which is caused by delay of the first count 
within the register.) 

The output of this counter then toggles a six bit 
Dinaky counters which * counts  jto, sixty. four, giving the 
interrogation cycle. During the states from thirty two to 
SixGyearOunse thesG@@output ofthe last flip-flop is a |logical 
1 and the transmitter is activated. In the zero state’ the 
Q's of the last three flip-flops are all zero, and the Reset 
terminal of the lower flip-flop is enabled with a zero. The 
next fall of Q ime CLC mm ri ics. cee Hil DoialO pe Ome ttnes O4-rs tate 
counter will cause the lower flip-flop to change state, and 
Q becomes zero, enabling the receiver for measurement ohe 
phase shift at the end of the first count. This one cycle 
delay is introduced to prevent errors due to transients when 


the transponder begins its transmission. When the count 
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Fig. 4.2 Observer's Station Control Circuit 
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reaches eight the receiver is disabled and the count 


continues to 32, after which transmission begins again. 


4,353.2 Transponder Control Circult 


On another digital board in the transponder rack 
theyecifcuilts .of fFitekl ih.3 1 was set up to control the 
transponder. A Schmitt trigger takes its input signal 
directly off the cable, and makes square pulses of both the 
received and the transmitted signals. It feeds a six bit 
binary counter and a gate which has a large capacitor on its 
output. This capacitor is discharged rapidly but charged 
much more slowly through the load resistor of the gate, 
which means that the following Schmitt trigger remains on 
during both tone bursts and doesn't change state until the 
signal on the cable disappears. It then presets the counter 
for the next interrogation burst. 

Aieterathiceschmi tte. trigger, felis on the- First 
count an RS flip-flop (made from two gates) is set to zero 
and pulses begin entering the locking circuit. When the 
input Schmitt trigger falls on the thirty second cycle this 
RS flip-flop fis set to one and the oscillator stops locking. 
The zero crossing occurs after the Schmitt trigger falls so 
transients from turnoff of the observer's station do not 
disturb the locking. The thirty second count is delayed by 


another gate with a capacitor on its output and sets another 
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RS flip-flop to fits one state, which makes’ the transmitter 
return a 16 cycle tone burst. On the sixteenth cycle of any 
burst a reset pulse is applied to this flip-flop, ensuring 
that the transmitter never remains on continuously in_- the 


event of a malfunction. 


4.4 The Sample=Hold Circuit 


Thessanpre-hold cireurt of Fig, 04.4 asesimilar to 
the circuit described by MacFarlane (Ref. 9) and others. It 
is essentially the same as the standard 0OA3 operational 
Q 


amplifier with Qs, Q and Qo plus ahold Capacitor C 


Le erie if 
added. The open loop gain is normally zero during the hold 
period and the output voltage is determined by the charge on 


C During the sampling pulse the gain becomes about 20,000 


1 
and the feedback adjusts the output to equal the input (Cin 
the follower mode: Fig. 4.7), follows the output until the 
end of the aperture, and holds the last voltage present 
before turn-off. 

With C, = 7 nanofarads the circuit can slew 10 
volts in 1 1/2 microseconds; 200 nsec for turn-on,300 nsec 
for settling and 1 microsecond for slewing at about 70 
v/usec nf. After turnoff the voltage sags 600 mv/sec nf. 
The slewing rate can be increased by increasing the current 


through Q but it becomes more difficult to keep’ the 


13’ 
circuit stable for as large a range of Cy. The output error 
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from sampling a DC signal was under 1 mv. The circuit will 
accept 1l2v between the bases of Q, and Q, « 

The sampling circuit is activated by a one-shot 
multivibrator whose output is applied between the base of 
Q3 and thelm-12veusupply. Two of the four gates ina 
Motorola MC724 integrated circuit are connected as_ in Fig. 
4,5. Varying Th permits adjustment of the pulse width. The 
effect of temperature on pulse width is tabulated in Table 
Rrike The trip pulse must be very fast to trigger the 
eireuitydin, this application it triggers. on a fall of 4& 
volts in 100 nsec, and rejects a fall of 8v in 600 nsec, 


which results from the use of the Miller capacitance in Fig. 


4,11 on the slow. gate. Dy and De prevent large incoming 
pulses from destroying the integrated circuit, by shunting 
the excess signal into the -=12Vv supply ‘er Cz. This was 


necessary since Co can be increased for other applications 
with an unpredictable range of inputs. 

Returning to PRissive. iy QGW3 acts as *°a current 
source, driving the differential input pair Qy and Q, and 
receiving its drive from the one-shot multivibrator output 


Geicmeu >) sO bS  aaunity “salin inverntersdnriving Qos acting 


ly 
in push=pull with Qs to drive Re and Ch. lf the voltage 
across Re exceeds Veu of Qs or Qe, the transistor conducts, 
increasing the available slewing current by its current 


gain, Hees When the current from Qi; istncuttoté; tonly 


leakage currents flow in Qs, Qe- Q, and Qe, giving rise to 
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the sag during hold. These transistors were selected for 


low, matched | The stored charges should be the same, 


ces° 
so complementary types were used. Q, is a source follower 
PERI TfiObe PinhmMumMeaccugrentiedratns from Caecdunhag, theg hold 
period. Q1 is a matched FET which gives a current source 


load :foeria-gain closersto-+unity-of Qg it ig.set torTr./2 


R 

11 
Rio temperature changes in characteristics of the two FET's 
track and the voltage at the output remains constant’ to 
firstroncder, 


Following are three configurations that can be used: 
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Fig 4.7 Some Configurations for the Sample-Hold 


In the negative gain mode a or Q, can receive more than 
12v and break down due to the possibility of the input going 
as much as 10 volts positive while the output is held as 
much as 10 volts negative. Breakdown causes the circuit’ to 
cease holding and follow the input with about 12 1/2 volts 


offset, the breakdown voltage of the avalanching transistor. 
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To prevent this it was decided to use the follower mode 
rather than putting diodes in the emitters of Q; and Q 
(Ref. 10) with attendant matching problems. 

During the aperture the circuit tended to 
oscillate with about 6 cycles of a high frequency, then die 
away ' (Fig. ~§.6); The nonlinearity causing this type of 
oscillation is the hysteresis In Q7 and Qg. This 


oscillation was reduced to 1/2 cycle by adjusting Rg to 10n. 


4.5 The Ramp Generator 


This circuit produces a voltage sawtooth which 
starts at zero volts at the zero crossing and increases 
linearly with time. lt is discharged just before the next 
zero crossing. The ramp portion of the wave is produced by 
integrating a constant voltage during the time that Q, of 
FIZSCUESI ts off. When a, is turned on by the reset pulse 
from the digital circuit (4.3.1) it becomes a low value of 
feedback resistor. The configuration is then a very low 
gain amplifier with nearly zero output. Current is fed back 
during the reset pulse from the output to the summing 
junction to cancel current from the base drive circuit, the 
constant input current and the discharge current from or 
The transistor is able to remove the charge on ch in about 
1/3 microsecond. The saturated voltage V of oe is given in 


Table 4.1. 
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Fig. 4.8 Circuit Diagram of Ramp Generator 


Component values are as follows: 

ee 6.32k metal film in series with 4.7k, Philips 
carbon. This was selected for temperature tracking and for 
proper slope of the ramp. The results of tests are shown in 
table 4.1. 

Crre 0.01 mfd glass. The ramp was not linear for 
most other capacitors tried because of hysteresis in_ the 
dielectric. 

Q,-- 2N3704 

Ry-> 8.2k 

To check for temperature tracking the n'th pulse 
of the 100 KHz pulse train was selected by a four bit gate 
on the digital board and applied as atrip pulse to the 
multivibrator of the sample-hold circuit. The ramp was 
applied to the input and the output read by a DVM. The 


aperture width p was measured by an oscilloscope. 
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Table 4.1 Ramp Test Results 


BI Ce NEV eB UL RO vem Bite Zvi BES geeep, sec 
-50 hoe) 0.225% 26020 10.140 Cee 
= 5 5.0 0.240 (Bx BYES) 10.144 OU 

0 4.6 0.246 (he SM) 10.140 De Hed 
+25 uy 0.242 2G LOL 61 2.45 
+50 Petes 0.245 Zo OO 0% 6:5 PS ME) 


*lt was later found that the supply had ~3v ripple. 


The slope of the ramp was later decreased to give 
a reading of 10 mv per 100 ft of distance. In these tests 
the whole rack was put in the temperature controlled chamber 
and the errors combine power supply drift, ramp slope drift 
and aperture drift. 

To check the ramp linearity, the voltages at the 
end of each of the ten pulses available from the digital 
board were compared against a voltage from a precision 
digital to analog converter. The pulse train was applied to 
the z axis of an oscilloscope anda multiple exposure 
photograph taken. The deviation was 0.04% or less. The 
circuit used and a sketch of the pertinent bright traces is 


shown in Figs. 4.9 and 4.10. 
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hoo The Zero Crossing Detectors 


The permissible system error was about’ twenty 
miflalivolts total, so this part of @the system was quite 
critical. Referring to Fig. 4.11, a logarithmic amplifier 
was used to expand the zero crossing by 1200, the open loop 
gain of the OAl1, before reaching the differential stage, 
which has a less predictable threshold of triggering. The 
logarithmic amplifier operates in its active region at all 
times, avoiding the slow response of saturated threshold 
detectors. In the region of the zero crossing the feedback 
current switches from one diode to the other as rapidly as 
the amplifier can respond. Cz was added to reduce the 
mixing of RF Interference with the 10 KHz signal. 

The differential stage draws quite a heavy current 
to give a fast fall. This stage is designed to operate with 
infinite gain for speed but not as a Schmitt trigger to 
avoid offset and a large hysteresis loop. The differential 
gain is: 

Ay = Rar Cities + Nitbe = Ryqle/r x (a(l-a)) 

Where | is the total current flowing into the emitters of 
Q, and Q, and «Is the fraction of this that flows into Q,. 
X = 26 mv at room temperature. The feedback factor is given 
by: 
= NF et bY + Ni Boy as + Prenat erie en) ,) 
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Circuit Diagram of Zero Crossing Detectors 
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The product GA, is given by: 

GA, = 1/((R3/Ri yh Ay. nt + CA/Riy! otto) )) 

The value of a(l-a) ie a maximum of 1/4 at a= 1/2. The 
second term in the denominator is then 0.03 and we can 
write, using the binomial theorem: 

GA. = - - : 
e (R 1° fo /R, (1 he r/all at Re) 

Rz was chosen to EF GA, approximately unity for Infinite 
gain. Nee was assumed to be 150. This also puts the 


triggering threshold at zero volts if Q. and Q, are matched 


1 

for base-emitter voltage and h eh ; The hysteresis 
Feo FE5 

loop Is Inflnitely narrow. Because of the logarithmic 

ampliffter driving the circuit tt works well even if R is 

changed by a factor of two, Any attempt to speed up 

response with a capacitor In parallel with Rs gives 


oscillation. The circult used fs shown [In Fle. 4.10. 


4.7 The Gated Amplifiers and Cable Drivers 


To simulate a transmitter the circuit of Fig. 4.12 
was used in both the transponder and the base station racks. 
The OA3 operates at a gain of about 1/4 during its 
transmission time and during the receive portion of the 
cycle its measured gain was reduced by over 60 db. Blocking 
transmission is achieved by turning off Qy, injecting 
into the base of Qo, thus saturating It. she ssainaus then 


the ratio of its on resistance to Ry and transmission is 
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prevented. To turn on the transmitter a positive voltage is 
applied to Q,. This drives the base of Q, to -2.5 volts, 
and Q, does not affect the gain of the amplifier unless the 
output exceeds this voltage enough to forward bias the base 
ecQllecton. junction. of Q5- This means that the circuit can 
acceptrmore than 10 volts at the input. 

The OA4 cable driver has an output impedance of 
less than 10 milliohms when the feedback ratio is three, and 
the matching to the cable is accomplished by Re only. The 
bridged tee feedback network gives a bandwidth of 100 KHz 
with low phase shift at 10 KHz. The gain in the pass band 
is about three, bringing the voltages at the OA4 output to 
6v peak and those on the cable to 3v peak. 

The base drive to Q, must be nulled out by’ the 
output current of the OA3, resulting in a large turn-on 
transient when this current is suddenly cut off. For this 
reason and because of the transients at the beginning of a 


tone burst, the first zero crossing was not used. 
etsy 5 3i -~Locked Oscillators 


The two phase-locked oscillators shown in Figs. 
3.1 and 3.2 are 10 KHz sine wave oscillators with the 
GincuntsOim Flewo,l.  Itewill= lock to any Wwaverorm: within a 
few tenths of a percent of 10 KHz, providing that it has a 


rapid fall. The design of the phase-locked oscillator is 
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this transponder system. 
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CHAPTER 5 


DESIGN OF THE PHASE-LOCKED OSCILLATORS 


5.1 General 


The phase-locked oscillator can be thought of as a 
servomechanism (See Fig. 5.6.). It accepts an input, which 
must have one rapid fall per cycle which is differentiated 
and formed into pulses. These act as the phase reference to 
a phase detector, whose other input is the output of a 
voltage variable oscillator. When the input frequency is 
within a few tenths of a percent of 10 KHz, the feedback 
effect of the loop corrects the phase of this oscillator 
until its negative going zero crossings are locked to the 
phase reference. In this case this is the pulse train 
corresponding to the zero crossings of the received signal. 

Referring to Fie. 5.1, Ay is a Wien bridge 
oscillator with Cy, Co, Ry and Rz as frequency determining 
elements with voltage variable frequency control by Q, and 
adjustm nts Ry, Ry, and Re. Ay increases the slope of the 
zero crossing for more accurate locking (Appendix II1). Q 
passes the reference pulses to the phase detector, Q, which 
samples the output of A» and feeds the phase difference 
through the feedback network R43. Cr and Cg to the gate of 


Qy, completing the loop. 
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Fig, 5.1 Cireult Diagram of Oscillators 
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2.2 The Wlen Bridge Oscillator and Lock Circuits 


5.2.1 Frequency Control 


In Fig. 5.2 the positive feedback network is 
assumed to consist of two identical resistors R, capacitors 
C anda voltage variable perturbation r = AR/R, which 
needn't be positive. The amplifier with a positive gain G 
Mitseedescribing@efunctlon) nrenresents @the OAL *wl th e!ts 


feedback network. 


aR C 


Fig. 5.2 Model of the Volta 


The transfer function of the positive feedback 


network is: 


H(p) = Va Cp) = (Lawton te) 
Vo(P) yop es oye tare p2(1 + r) 
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WhEheENDs==SRC) S being the Laplace transform varjJable. In 


the frequency domain 


H(ju) = (1er)/C(3er) + j (u’Cl+r) - 1) ) 
u 

If G is real, oscillation oceurs for G = (3+r)/(l+r) and us 
Weiser). Changing r wlll slightly change the critical gain 
and will control the frequency as follows: 

du/dr = -1/2(1+r) 3/7? 
At higher frequencies the magnitude of H(ju) drops and the 
phase lags. At lower frequencies the reverse occurs. The 
phase shift of H(ju) is given by: 


Ak AC Lam ie RI SRE) U 


du/dr = Tan_ 

The resistance perturbation is accomplished by Que 
which is a field effect transistor operated in its triode 
region as a voltage variable resistor, with the gate voltage 
controlling the channel resistance and the drain voltage 
kept below 0O.l1lv_ peak. The drain characteristics are 
described at low voltages by: 
Rnaun Rel (laVaa/Wa) et 
where Ro is the zero bias channel resistance, about 
0.28k for the FET's used. 

Ves is the control voltage 

Vy is the pinch-off voltage 
betting Ff = Rps/R 


ahaha A 
WVes RV, (1 = Vgg/V,) 3/2 
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Using the chain rule our control function is: 


K edu = “Ry 1 1 


% NER wane Yn ty ae 
dV 
Goo a oer ie eh aes (1+r) 3/2 


As can be seen this gives a very nonlinear control 
Function. r is a function of Veg with a 3/2 order pole at 
Veo 2 Vp: At this voltages” u ='0.4¢1n the actual circult, 
the amplitude rises and the output becomes a square wave of 
a low frequency. To limit the frequency deviation, Re was 
added in parallel with Q,. This also linearizes the control 


function, and, as will be shown, increases loop stability 


and prevents noise from introducing locking error due to the 


eurvature of the control ~function: i geees; Soe Se ean 
experimental plot of the control function with Re = 2,2k and 
0.68k. Table 5.1 shows a check on the control range and 


temperature drift from -50 to +50 C. 
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Fig. 5.3 Control Function of the Oscillator 


Table 5.1 Control Range vs. 


+25 
+50 


Frequency 


FET Removed 
10.022 
10.030 
10.035 
10.048 
10.057 


Temperature 


FET Used, v, =0 
9.899 

9.9072 
9.9052s 
9.9352 
9.9498 


*The output was clipped, giving a frequency drop 
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5.2.2 The Positive Gain Amplifier 
An OAl was used in its positive gain mode with 
G = CRG +R, +RQ)/Ro at low amplitudes. At higher amplitudes 
D, and D., conduet. Assuming zero diode resistance’ the 


dynamic gain becomes G = (RZ +Ry )/Re. 
Nak 


Bitemo st SOftelimiutingewithep nodes 


The knee of this transfer function is set at about 
67L/2 i voltssag) hetosci llatiionegrowsfabove thisuito the point 


that the describing function Neqmegectcascommto (Streit woe 


q 
assuming that the frequency dependant network is a_— good 
Filters @Stncen thealimitinghis, ‘softtARthe® diistortion Is 
low; 1.5% measured at 10v peak, and is mainly’ third 
harmonic, which doesn't affect zero crossings unless its 
phase is shifted (Appendix 1V). It can be seen that Keq must 


change with r,and as a result the desired frequency changes 


are accompanied by amplitude changes. 
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59.2.5 Effect of Amplifier Input and Output Impedances 


Consider the positive gain amplifier in the Wien 


Bridge: 


Fig. 5.5 Model of the Positive Gain Amplifier 


The input and output impedances of this circuit are given 


by: 
Z = Rete in parallel with Ro /CI+AR, /CR +R) 
i] 
Z; = Z, in parallel with ol rk ela a ar Sa SL 
Where R_, Z , A and Z. are properties of the amplifier. 


diff 
FarethesOAL éfremvtt ef Fig, °5.1, 
Zi = hob, # |/@Gop Of a 2N3707 
Zj = 140k in parallel with 28.6 pf. 
aitt 


A = 1000, Z) = 12k 


AR, /(Ro+Rp, ) = 300 


t 
Then Zo = LON. 


Z; = 2,5 pf in parallel with 15 megohms. 
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These have less than 1/2 % of the controlling effect of the 
frequency control Ling elements. The temperature 
coefficients of semiconductor depletion capacitances were 
typically +100ppm/°Cc, Ry and R. varied - llppm/°C and Cy and 
Cy varied +48ppm/°C. One would expect a frequency shift of 
-37ppm/°C. Leoking atjTable 5¢1 [ttehsutrSlppm/°C. Ilt»appears 


that A is not real as was assumed and phase lag increased as 


temperatures were lowered, 
5.2.4 RF Interference 


Roo and C were added to prevent high frequency 


oscillation and to reduce RF interference from_ the 
transmitter (Appendix 1). Connecting this transmitter to 
the Wien bridge oscillator caused its frequency to shift by 
0.09%. Since this occurs during the response’ interval of 
the transponder, it will cause an error. The loading effect 
of this circuit with the RF disabled was 0.025%. The error 
before the addition of R and?Gs tot«etherebreul tewas 0292. 


m5 3 


Doubling C, caused no further improvement. 


5.2.5 The Feedback Amplifier 


A, in Fig. 5.1 operates as a linear amplifier over 


2 
about +6volts of its active range.The output is limited by 
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the feedback network, Nec gvecsmmcna sD) at larger voltages 
to keep the amplifier in its active range. This amplifier 
increases the slope of the zero crossing by a factor of 4.7 
and Cg serves to reject DC offset in’ the Wien bridge. A 
small capacitor across Dz and Dy, prevents RF interference 


from causing the diodes to conduct during the zero 


crossings. 


5.2.6 The Pulse Generator 


The phase reference to the oscillator is’ the 
output from a gate in the observer's station and from a zero 
crossing detector in the transponder. Cz and Ry¢ 
differentiate the input, and Q% is driven by the resulting 
waveform. The output at the collector of Qg is a very short 
sampling pulse. (In the observer's station Cl is increased 
to 300 pf and fed by a_ 100 ohm resistor to accomodate the 
much faster rise time and lower voltage of the digital 
circuits. ) During the sampling pulse the collector of Q 
rises from -12v to Ov in 14 nsec, holds for 100 nsec, during 
which time Q, is conducting, and falls in 50 nsec. Co is 
silvered mica to make this width more temperature’ stable. 
The current drawn is 12 ma, which means that sharp spikes 
would be induced in the rest of the circuits unless Ris and 
C. are used as a filter. Because of the 0.1% duty cycle C 


6 
supplies almost all the current ina pulse. 
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5.2.7 The Phase Detector 


Several phase detectors were considered, including 
the sample-hold circuit shown in Fig. 5.1 and the commonly 
used diode phase detector (Ref. 10). The noise performance 
of these detectors ifs discussed in Appendix 11. The 
sample-hold circuit takes a sample of the oscillator voltage 
at the zero crossing. This results in ae voltage 
proportional to the phase difference between the two signals 
without large AC components. The diode detector passes the 
oscillator voltage during a large fraction of the cycle. 
This means that large AC components are present and must be 
filtered out of the signal to prevent distance errors due to 
the nonlinearity of the control function of the oscillator 
(Fig. 5.3). This filter will slow down the locking time of 
the oscillator. 

The diode phase detector is capable of filtering 
out high frequency noise (Fig. A2.3), and even order 
harmonics. However, the filtering action of the loop will 
confine the output noise to a band, centered on 10 KHz, 
anbOU tector 4m KHzewides. (Sec. 05.5), Since the first zero of 
Piagmeenaets lismatecUmkiz «this detector will be of little 
additional help. 

The output of the phase detector must be’ held on 


the. oscillator during the return transmission, so the 
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sample=hold circuit is needed anyway. 
Pormeethese@ereasons and its small size it was 


decided to use the sample-hold phase detector. 


beb iaab 


5.3 The Phase=Locked Loop 
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Fig. 5.6 Diagram of the Phase-Locked Loop 


Following Gardner (Ref. 10) the phase detector 
GUtDUG, ~iS@nproportional fto the phase difference between 
inputs: 
Vg = k 468, - 8,? 
The frequency deviation of the VCO (voltage controlled 
osciitator) is®given®by: 
-_ q — = = 
w= W Aw de /dt as 
where w! is the frequency at Ov input. 
Taking Laplace transforms, 
6s) = kovals)/s 


Analysing the loop, 
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8, (s)/e, (s) = H(s) = Ko kgFCsd/ (stk kyFCs)) 


The phase error is given by; 


@ (s)/6. (s) (@,(s)-6 (s))/8 (s) 
e ! | O oO 


sy Cse+ ko kgF Os) 

The phase detector in this circuit is Qs, Ot Rls. 
5.1, receiving narrow pulses at its gate, and passing the 
output of the feedback amplifier through the filter network 
R13 Cy and Cy during the pulse. This FET operates as a 
source follower during the pulse. It operates in its triode 
region and can accept about -0.65v to + 1.2v at the drain. 
(During slew-in large voltages appear on the drain, and Qe 
does not operate in its triode region, Positive voltages 
cause slewing in the pentode region, while negative voltages 
give gate current from the logarithmic amplifier, which Riz 


limi tseto. 1) maz- ) Theedoop, wi 1d, Jlock.well in either case.) 


Q, passes a pulse amplitude modulated current wave 
into Riz and Cee Let ig be its low frequency component. 
Then 

ty = (t/T I CI/R ag) CA dv ,/de \ (oe - oe evar 


Where t is the pulse width, ha is» the period, A is the gain 
of the feedback amplifier and Ros is the resistance of Qc. 
Now combining the sampling function and the triode 


resistance of Qe, ie. 
(Adv /de nee (8, - ed) = Vq? = rg (TO /tRoS 


Let Vv. = V Sip E(t) 
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Bio! Ger - Gs Shs BGs (Ce oeo)t) 
In the neighbourhood of the zero crossing this slope is ver 


SUbS tu Lime, 


Vd VCO tao 


and k = AV 
fe) re) 


The circuit representing F(s) ts: 


F(s) = (1+sR, ,C 5)/(1tsCg (OT, Fen dbs Caray (ey E) RE 3) 


Writing the error fin the form 
ons) /8 ts) = GCs)/Cl+ GCs) H(Us)) 
hOGecOns ChUCLIONNOl polar plots: 
f°) o(5)/8; (s) = 1/(1+(1/s)k ok GF(s)) 
afawcisrk, pecieeh et Oden Bale eS. oy 
(1+sC allo oP sty 3} + S CCR 31 R 
t 


ong) 
With Cr = 03 


@,(5)/8,(s) = 1/(1tk kg/sC1+SC g(To/t Ry th ) 


13 
G(ju)H(ju) = kk g/joll+j wl g(T,/t)RpotRy 3) 
Sketches of the polar plots of this function and that with 


Cc# 0 are shown in Fig. 5.7, 
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Increasing the gain increases the denominator, and 


increases the peak of the error function, as shown in Fig. 


58.4 C.can be selected so that this peak is almost removed 


5 
for noise rejection. At the same time the speed of phase 


correction is improved, 
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5.3.2 Transient Response Test of the Loop 


The loop impulse response was used to select Cy 
and Ce for best settling time and minimum overshoot. Charge 
pulses were injected into Cy, and removed by the action of 


thes loObDwssLNe LGirctuit Usedais shown in Fig. 5.9. 
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SOMe= FesultSe are show stn less oe 8and 5.11, 
Note the effect of nonlinearities in Fig. 5.11. This would 
cause distance errors in the presence of noise. Re was 
pedUcedmcogdechease nOntineannty ein koe (rile. 5. 5). Ros is 
greater for positive error than for negative error, giving 
longer settling time. 

In the above analysis the loop is unconditionally 
stable. In practice, it was not. At sufficiently high gain 
in the feedback amplifier, the loop oscillates, probably due 
to the finite response time of the sampling FET, which would 
make the equivalent body resistance a function of frequency, 
and the loop has order higher’ than two. The gain of Ay 
was reduced and Ce and Ri3 added to prevent this as well as 


to reduce the peak in noise response. Changing the sampling 


pulse width had only a minor effect. 
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Fig. 5.10 Impulse Response, Mo = 0 
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Fig. 5.11 Impulse Response, Vy = -]/2v 
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CHAPTER 6 


PERFORMANCE OF THE SYSTEM 
6.1 General 


The system was tested by measuring the length of a 
long cable and its length with a short cable. added. The 
phase-locked oscillator board and the ramp generator and 
sample-hold circuits were tested for temperature drift in a 
Delta Designs environmental chamber. The output voltage was 


measured by a precision digital voltmeter for these tests. 
6.2 Results 


The short cable was found by measurement with a 
time domain reflectometer to have an electrical length of 
68.6 feet. When it was added to the long cable the system 
measurement agreed with this to within 1/10 of a_ foot. 
Without the long cable there was an error of -10 feet, 
likely due to turnoff problems in Qy and dielectric problems 
in Cc of the ramp generator (Fig. 4.8). The long cable was 
roughly 1500 feet long, too long to be measured by the time 
domain reflectometer. 

The ramp generator and sample-hold circuits had a 
75 foot error from -50°C to +50°C measured at the beginning 


of the ramp or at zero distance. The additional error due 
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to change of slope of the ramp was 0.25% (125 feet at full 
distance). The phase-locked oscillator board with its zero 
crossing detector had an error of 90 feet or 03182. 1Fom 
-50°C to #25°C and an anomalous error of 680 feet at +50°C. 

The effects of power supply variations’ on this 
board were measured and appear in Fig. 6.1. In this plot 
the supplies were varied independently. When they were 
varied simultaneously it was found that the effects of these 
variations on the output’ were independent. The errors 
depicted by this graph are of the order of 1/2 mile anda 
regulator should be used, 

When the input signal to the transponder was mixed 
with 20 KHz band limited white noise the transponder 
retained lock with a signal to noise ratio as low as_- one. 
The RMS signal was measured by an oscilloscope and the noise 


by an RMS reading voltmeter. 


suse IE Final System 


The final system can be built as in the test 
system with the substitution of transmitters for the OA4's 
and the addition of receivers to drive the zero crossing 
detectors. The digital circuit in the transponder should 
be replaced by a one-shot multivibrator scheme for less 
power drain and bulk. 


The power to the transponder circuit, except for 
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Fig. 6.1 Power Supply Sensitivity of Oscillator Board 
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the receiver, must be removed until the receiver receives a 
strong signal. To further conserve power the receiver 
should operate only a fraction of the time during’ that 
period when an interrogation signal is not detected. 

The anomalous error in the phase-locked oscillator 
board should be located. It is possible that a diode phase 
detector, which is discussed in Appendix 11, should be used; 
with attendant lengthening of the lock signal in order to 
reliably remove alternating components in the detector 
output while giving time for transftents to die away. 

The problem of supply voltage sensitivity could be 
solved by an unsophisticated regulator. 

A photograph of the phase locked oscillator, zero 


crossing detector anda 100 mw transmitter mounted ona 4 
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peeremeleCClSeOR Distortions 
In Appendix 1V distortion is discussed. From the 
final expression, an uncertainty of 1.5% in second harmonic 
content gives rise to 0.2% zero crossing uncertainty or 200 
feet. Similarly phase shift of the third harmonic can cause 


errors. This must be considered in the receiver design. 
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CONCLUSIONS 


It has been shown that it fs possible to measure 
distance very accurately using a phase shift transponder 
with time separation of interrogation and response signals. 

The 1/8 mile accuracy at full range will be fairly 
easily attained, and the accuracy of measurement near the 
unit will be about 250 feet. RF circuits must be built yet 
and can further reduce this accuracy, particularly due to 
uncertainty [In the amount that RF interference pulls the 
Frequency during transmission, 

The final unit on the collar of the animal will be 
bulky but lighter than a simple transmitter with this life 


expectancy and power output. 


* 33 = 


en0!20s9N09 


siwesen of aldizzoq 2!) tf ters nwote niged ase 71 
ssbiogenars. +7 te sesiq 6 aniau yiets1us9s Yiav sonkielb — 
-2i ona te aenogaet bis Pere to noltersqee emis Prat : 
vixist ad tae Tlut th yosiwa9as6 af im 8\L sdAT . 
efi -t6an Sabseatnes: Jo yYo6Ius96 odd brs \venisits vilese 
tov ti tud od seum extuoila 3A -Jo97 O28 tuods od Il iw dtau 
oj sub. vlusfuoltyeq \.Yoe%UDIS eIAt osubar vas Ww? n6o bas 
siz 2ifuq sonetstisini ; 1A = =-36d3 Jnvoms  srit nu ‘ytnisiteonu 
| | | noleeimeneyd aniiub. yonsupes? — 
9d (hss taaviee add to x6ffoo eft no. tinv Tent? oT | 

stii gids  Asiw tet3 Imenes3 siqmia s nedz retail sud yATud 
| ;Jugqsuo ares bas YONssI9qKS 


-69- 
APPENDIX | 
TEST TRANSMITTER 


The’ circuit of Fis. AI.1 was connected to the 
output of the Wien bridge oscillator of Fig. 5.1. 
It transmits an amplitude modulated 27.125 MHz from 
an antenna or into a dummy load. The carrier freqen- 


cy is determined by X. and the modulation is deter- 


1 
mined by the supply voltage to the class C amplifier. 
This is the output voltage of the complementary 
compound emitter follower, whose input is the 10KHz 
phase-locked sine wave. Since the peak-to-peak 
voltage output of Qs is twice its supply voltage, the 
modulation is a faithful reproduction of the input 
signal to the emitter follower. 


Q 


1 is connected as a common base Colpitts 
oscillator, with the crystal operating in its series 
mode. Different crystals gave frequencies within 1KHz 
of the correct frequency. Ry supplies enough power to 
give 24v p/p at the collector. The coil is tapped 
down to give 5v p/p into Q5- 

QW is a power amplifier driven by Qu» operating 


in class C with a short duty cycle. The conduction 


angle between 40% points is 155° from measurements by 
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a search coil and sampling oscilloscope. From Scott 


(Ref. 11) the efficiency ustng his quartic model for 


collector current is 68%. The measured efficiency 


was 65%. 


Power output was 105mw. 
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When the envelope was detected, the transmitter 
was found to have increased the second harmonic distor- 
tion by 0.29% and the third harmonic distortion by 
U2. 

At the end of the collector current pulse a 
spike occurs which generates strong high order harmon- 
ics. Using a spectrum analyser the harmonics were -34db 
with respect to the fundamental for the second harmonic 
and -28, -32, and -28db for the rest up to the fifth. 

A well tuned high © antenna should prevent these 


harmonics from being radiated. 
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APPENDIX IT 
NOISE PERFORMANCE OF PHASE DETECTORS 


A2.1 The Sample-Hold Detector 


Assume that the input to the zero crossing 
detector is: 

Vit) *= VoSin w;t + n(t) 
where ps is the amplitude of the signal and n(t) is 
the instantaneous noise voltage, and wj; is the input 


frequency, 


‘ Sint 


Fig, A2,1 Zero Crossing Error Que to Noise 


Let n(m) be the noise voltage at the m'th 
sampling instant. Then: 


n(m) = Ve Sin 0; (m) 
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where 8; is the resulting zero crossing error. 
If 0;(m) is small: 

0; (m) = n(m)/V, 
since V. is a constant the variance of 0, (m) is: 

aj(my = nim? / v2 = Py 2P_ 
where P, and Re are the power [fn the noise and input 
signal respectively. 

This is identical to the expression that 
Gardner (Ref, 10) obtained for the linear multiplier. 
He assumed that the signal has only narrow band gaus- 
sian noise associated with it, that the output phase 
of the VCO is Independent of n(t) and that the same 
linearizing approximation was valid as was made here, 


ie, 0; = Sin 0; 
A2.2 The Diode Phase Detector 


The commonly used diode detector (Ref. 10) 
and the gated amplifier detector as well as some 
other detectors pass the input signal and noise during 
an interval p, where p {is an appreciable portion of 
a cycle, 

The Input voltage distribution function is 
GRet 1.0 i 


v;(w) = VoSin(w; t-6; )S(w-w; J+n¢(w)Cosw; ttn (w)Sinw, t 
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where nfo) cd ns (w) = N(w), which is the noise output 
of a filter before the phase detector, and VeSin(w, t-9; ) 


is the desired input signal. 


WW; 


Fig. A2.2 Input Voltage Distribution Function 


Since the detector is linear the signal and 
noise components can be treated seperately. The 
time integral of the output for one gating interval 


is given by: 


+p/270 
vie ef Sint, t-0,)dt 
ds Ss t i 
SO uZEO” 
lf varies slowly it can be treated as constant, and 
i eek! e eS e a 
vee a (Cos(w,p/2 0; +0,)-Cos(-w;p/2 0,+0,)) 


Taking the mean and rewriting, 


v = (-p/T;)V_/Sin(iIp/T;)\Sin(o;- 0.) 
ds ! + (Sire | i O 
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: _ 
oe? aa 
; @Y - 
- - 
ee 
- ax - - 


suqiuo selon end ef dotdw .CudM = (a), a= Co) 8. le 


ltd ak did V bas ylolosseb sesiq sit s10ted wedhi? & to 


ona 


ee Ws fengle Suan ber lash edd | a 


{8 7 
ite 
no igonua: noisudina.aio pastel aval: S.SA .g14 sa 
: 4 
= bas lena le ans veentT 21 1os9939b sd3 sonie | i Py he, 


ant Vi sdsqeqee hes807% ad ‘6D zJnanoqmes szion ES 
re as 
Isvieiqi sntis3 eno 107 tuqtuo edt to ferasani omy - 


; . 1 
a | id nevig 2) 
as | e*8\a+ i : 7 
: 3b( 0-4 padAie \: Ve “” ‘ny 
7 a°*S\4~ 


‘ r -; ay 
¢ A a al 


‘bas osene steric 26 bet6s 13 -sd a6 beat wiwote 2a) vav 4 My 


. 
ie 
sa. wl 


ney 


Sua brs. neam. s 
TAG * es = | 


ae oo ‘anaae’ a dStdwe “ ro ata bl 


‘ by 
in + ; 
3 ie Cee sin Ao, ae Op 


AG + {978\a;07d209- VF eee = a 


N 


. (oe Bit 


locked to Vie The phase detector gain constant is, 
if (@:- 05) is small: 
Kq = (p/T)V(Sin(ap/T; ))/(ap/T; ) 

In the limit, where p/T approaches zero, this 
becomes the same as the sample-hold phase detector 
with the input rather than the voltage controlled osc- 
illator being sampled. In the usual circuit, the ap- 
erture p is approximately T/2 with the zero crossings 
of the voltage controlled oscillator coinciding with 
+p/2 and -p/2, and this circuit introduces a 90° phase 
shift. The gain is then reduced by the factor 
Sin(m/2)/(m/2) = 0.637. 

The time integral of the noise voltage distrib- 


ution due to the m'th pulse is: 


(6) 
ve (w,) =n. p/2+ © Cos(w,t-0,)dt 
n p/2+ 


p/2+0, 

+ on Sin(€w,t-w,,ddt 

Ss n m 
“p/2+0, 


esnP Sin€w,p/2) Be A? 
(wyP/2) 
“nsP Sin(w,p/2) Sin OER ated? 
(w,P/2) 
Where or is the phase shift of the m'th cycle due to 


the difference between Wh and Wee 
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Q; = 2mm(T,- 1; )/T; 


Since ih. and n. are uncorrelated and equal, the mean 
square noise output is: 
Viz Cun) = pe eal (wpp/2)\ 2 
(u,P/2) | 
The O1 and or dependence has disappeared and we can 
integrate with respect to frequency and take the 
mean to get the mean square detector output. 
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From the last term it is apparent that this 


phase detector will filter out high frequency noise. 


If p = T/2 its response is shown in Fig. A2.3. 
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Fig. A2.3 Noise Transfer Function 
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APPENDIX I11 


EFFECT OF ENVIRONMENTAL CHANGES 


Suppose for some reason such as a temperature 

change the frequency of the oscillator drifts to Wo- 
To return it to resonance requires a control voltage 
shift, Vo= Cw; = Wo /ko = AVa- When the loop is closed, 
a phase error’ provides Vae 

(6;-8.) = Valka = (wi -W9)/Akgkd 

Let the frequency control function be expressed 
in a percentage form: 

B * kKo/% 
Then taking logarithmic derivatives: 

(1/2nN)de0/dE = (C1/w)dw/dE)(1/2mgAV ) 
Where dE is an environmental shift. 

This shows us that 21 g A V6 gives the percent- 


age reduction in phase shift due to a frequency shift. 
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APPENDIX IV 
EFFECT OF HARMONICS ON ZERO CROSSINGS 


Assume that the system receives a signal con- 
sisting of a fundamental phase-locked sine wave plus 
the second and third harmonics. 

V = V,Sin x -V,Cos(2x+) + VzSin(3x+0) 
¢ = 0 when the second order distortion has been gen- 
erated by a semiconductor junction, and © = O when the 
third harmonic results from an amplifier with an anti- 
symmetrical characteristic, ie. the Wien bridge. 
Treating them separately, we can solve for x, the zero 
crossing error, and add the results, since the linear- 
izing approximation x = Sin x will be valid and: super pos- 
ition applies. 

Considering the second harmonic, the solution 
Xo is given by: 


Ve=.08=. Sin x {Vit ZN Suh XoSin(xy+o)}- ee oe 


2 
SOLVI nes 
25 
Sin Xo a V1 Cos 6 
and Xo = vo 
ar 
where Sin hae Xo because Vo <s V4 
and Cos @ =l because ¢@ is kept small. 


The first approximation is optimistic and distortion 
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must be less than 10% for 1/2 % accuracy in zero 
crossing error. The second approximation is con- 
servative. Considering the third harmonic, the sol- 
ution x, is given by: 


3 
VeesQr=) Sin x3{Vq+ OVeEGOSe x Cos(x,+0)+ 


3 5) 
V,Cos(2x,+ 0)}+ V,Cos x,Sin © 
Solving, 
Sin Xs = OV Oe 3V,)) Sin 0 
Where V3 << V5 and therefore Cos(x,+0) = Cos Xz = 
Cos(2x,+ ©) = 1 and where © is assumed to be small 


and Sin © = ©. Applying superposition, we obtain: 
x/2n = {(V/V1)+ (V3/(V4+3V3))Sin of /2n 

or to less accuracy: 
x/2m = {(Vo/Vy)+ Vz} /20V4 

Where 9 is the phase shift of the third harmonic 


in radians. 


oves ni yvostwoss £ S\fL 10% S0L aed? egeat sd deum 
“riod 2i hoitsmixotaqse bnoss2e srt .104%%5 anie2zor 
-foe adi  sinomisd biids odt aunitsbiene) .sevissevis2 
iyvd nevis 2i :% noisu 

(64 .x) 209. % 209.V5 + Vitex ni2=0 2 ¥ 


migex 200,.V +$(O 4+.x$)203.V 
a ¢ € 


.aniviog 
5 ‘> 7 ver \ ys 
@ nie CC, VE + VO\eV) z* ni2 
ry ‘ \ bd 
=’ sx 200 = (04+ x)200 sr0tsieri bos r¥ »> ¢¥ exer 
¢ 
{feme sd oF bamuees 21 © sisdw bans I * (Ce +. x8)209 


-nisstdo sw ,nofifecqrsaque .anivhaqA .0 = 6 AIS baAB 
AS\ 4 NheCCeVE+PVI\-V) HC VARY OY = WR \x 
:YOB1U90B 2e87 GF NO | 
YTCtio Wy - 4 
pvms\{o,\ +CpV\CV)} = RS \x 
Iifomisd bifds sdt Yo ttide s2esdq she et © sxedW 


-ensibeay al 


REFERENCES 


Pe eoiicnteandmueh a Tesitet: "Computer Analysis of 
Animal Movement Data Obtained by Telemetry’ 
Bioscience, Feb. 1965, 

2. Cochrane et al: ‘Automatic Radio-Tracking System for 

Monitoring Animal Movements', Bioscience, Feb. 1965. 
Secu Ce eso meal Nes POSsibilityeof Using) blectromagnetic 
Momentum to Stabilize a Space Vehicle’ 
PhD Thesis, University of Alberta, 1966. 

4, W. W. Cochrane and R. D. Lord: ‘Techniques in Radio- 
Tracking Animals', Reprint from Bio-Telemetry. 

5. oJ.M. Green: Personal Communication. 

6. FE. Terman: Radio Engineer's Handbook, 
MeGnuaweHi ily) LOLS Edition, 0 e759% 

7. Carl H. Nellis, Rochester Wildlife Research Station: 
Personal Communication. 

8. —E.M. Edwards: Personal Communication. 

9, D.F. Mcfarlane: 'A High Speed Analog to Digital 
Encoder' MSc Thesis, 1966. 

10. F.M. Gardner: Phaselock Techniques, J. Wiley, 1966 

iene hemScOtL: © eluned Power Amplifiers’ IEEE transactions 


Onecitacuil teLheOLY 1 oeDG ela Ok pp. 96-100 


lal te? a saa i 


“a a - w- ay 


to shpidtaad ystugmod! | sy9geeT Hb tne Finie a 
'agemeleT yd ‘bain ade: siea Snemevell tenia 
.208f .d89 yeomsizeot® 
107, mageye: anisloeyT- olbsA sijemoruA’ :I6 ta snendood 4S © 
2a0l .ds7 re ee (Sasnembvan oer anirod inom 
3 itsnasmo1s2913 ani2u ie vit hidle2o4 sit! 1.2.9 gawd a | 
 "sfotday aoa? & osittdss2 o2 mus asmom ; . ; 
-G0C0f = 62190 [Ato vt lerievinw eheodT Ong 
~olbef mi zoupindosT’ :biol .0 .8 bos ansids0d .W Wo Qe ee 
.VisemelfeT-o18 moyt jniagss .'2femina anidog1T =] 
rio 1425 Fumo feno2z%s9 inesta «M.b “¢ 
_woadbne 2" ysenign3’ ofbss ‘namisT «2. 3 
Bev @ ‘(notatba #OL LL LTH weydoM i Ls as 
‘snofsesd doreoeail att ibt i 193 281D0F set SH H fagd- Yt 7 . 
a) | 101369 tnummod isaceted cL 
/noitsainummod fsno21s9 ‘ebvewbd .M.d  « 
ter iia o3 addaains besq2 rtadH A! :anel ye toM ad Pp 
ddeL .ebesaT 22 ‘yeboona 

daee get tr 26 +b ,23suUptindssT Asolszen4 sjenbyea .M.4 MOE A) 

end tt znehext asa ave 1d bana iewet benuT' 34058 JWeT, AEE " 


m.* 


DOL=88 qq aaer .jase \yroedT F1uS48s He 


i atlas . oe 


] 
- ; A veal 
q 


—— —— os _ _ =. _ a _ a Db _ oe _ oe — sn _— 262 


